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Ring-Opening Metathesis Polymerization-Induced Self-Assembly 
(ROMPISA) of a Cisplatin Analogue for High Drug-Loaded 

Nanoparticles 

Daniel B. Wright,a† Maria T. Proetto,a† Mollie A. Touvea and Nathan C. Gianneschi*a 

We report the one-pot aqueous phase synthesis of cisplatin drug 

loaded micellar nanoparticles using Ring-Opening Metathesis 

Polymerization-Induced Self-Assembly (ROMPISA). ROMPISA was 

used to generate a small library of nanoparticles to examine the 

effect of size and charge on their action as cytotoxic agents against 

human ovarian and cervical cancer cells in vitro. The results show 

that polymerization-induced self-assembly (PISA) can easily yield 

drug loaded nanoparticles in one step at high solids concentrations 

in water for formulation of drugs at cytotoxic levels. 

Commonly, platinum-based drug polymer nanomedicines are 

routinely formulated via non-covalent encapsulation of the 

drug into the core of a specifically designed nanoparticle 

carrier.1-4 These platinum-based nanoparticles have shown 

notable advantages over the conventional small molecule 

platinum analogues.3-6 However, these polymer particles are 

typically difficult to formulate at high drug loadings per particles 

and in addition, at high solids concentrations in the final 

formulation of the overall material.1, 2 Although polymers with 

covalently bound platinum-based drugs can overcome 

limitations of drug loading capacity per particle, they are 

generally subject to formulation at low solids concentrations in 

solution. Moreover, the majority of polymerization approaches 

lack the ability to directly polymerize platinum containing 

monomers and rely instead on post-polymerization 

modification.7, 8   

 Polymerization-induced self-assembly (PISA) is capable of. 

effectively and rapidly producing morphologies with a desired 

range of sizes in solution.9-23 Moreover, the PISA methodology 

can be performed at high solids concentrations, up to 50 wt%.11 

Although predominantly limited to radical based methods, PISA 

has recently been expanded to Ring-Opening Metathesis 

Polymerization (ROMP), coined Ring-Opening Metathesis 

Polymerization-Induced Self-Assembly (ROMPISA).24, 25 In 

addition, ROMPISA is amenable to the aqueous phase, giving 

nanostructures in a controlled manner and in one step.25 One of 

the attractive features of choosing ROMP as the polymerization 

strategy for a PISA process is the strong tolerance of certain 

initiators to a diverse range of functionalities, which renders it 

useful for the direct polymerization of functional monomers.26-

33  

 In this paper, our approach was to employ ROMPISA in 

water using a quaternary amine Hoveyda-Grubbs 2nd 

generation initiator for direct, one-pot incorporation of a 

platinum-based drug into nanoparticles (Scheme 1). 

Specifically, we planned to incorporate poly(oligo ethylene 

glycol) stabilizer blocks and then directly chain extend with a 

cisplatin analogue norbornene dicarboximide derivative, to 

form spherical micelles with varying sizes and platinum loadings 

at much higher solids concentrations than previously explored 

by conventional methods. In addition, a pH responsive cisplatin 

particle was prepared to explore charge and pH effects on 

interactions with cellular membrane and endosomes during in 

vitro delivery and uptake.7  

 To begin, an oligo ethylene glycol (OEG) macro-stabilizer 

block was synthesized in situ to a degree of polymerization (DP) 

of 20 utilizing a quaternary amine Hoveyda-Grubbs 2nd 

generation initiator (Scheme 1a). An aliquot was removed for 1H 

NMR spectroscopy (NMR) and size exclusion chromatography 

(SEC) for further analysis. Subsequently a mixture of cisplatin 

analogue norbornene dicarboximide (Scheme 1b), and 

quaternary amine phenyl norbornene dicarboximide were 

added, in a molar ratio of 1:3, to a final concentration of 5 

w/w%, where the targeted copolymer DPs were 20, 25 and 50 

(respectively 20-20, 20-25 and 20-50, Table 1). A mixture of two 

monomers were used to improve the core block solubility upon 
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the initial formation of nanoparticles in solution. Additionally, a 

diblock copolymer where a pure cisplatin analogue norbornene 

dicarboximide block was synthesized with a DP of 20, 20-20Pt.   

Scheme 1. a) Structure of the aqueous Initiator, (I). b) Structure of the cisplatin 
analogue norbornene dicarboximide. c) Structure of the pH responsive, 2-
(diisopropylamino)ethyl norbornene dicarboximide. d) Structure of the 
amphiphilic diblock copolymer formed. Blue highlights hydrophilic, NOEG, red 
highlights hydrophobic, NCore. 

After 1 h, samples were quenched with ethyl vinyl ether and 

polymers analyzed by SEC-MALS and NMR, with particles 

characterized by dynamic light scattering (DLS) and 

transmission electron microscopy (TEM) (Table 1).  

 First, NMR analysis showed the consumption of both the 

cisplatin analogue norbornene dicarboximide and quaternary 

amine phenyl norbornene dicarboximide together which 

highlights the formation of a statistical core block, where the 

cisplatin is distributed throughout the core. Moreover, for each 

chain extension >99% monomer conversion was observed via 

NMR. Additionally, SEC-MALS analysis highlighted the low 

dispersity of the diblock polymers formed and the single 

monomodal chromatography. A combination of both SEC and 

NMR deduced the cisplatin analogue norbornene dicarboximide 

can be successfully polymerized directly in pure water from the 

OEG macro-stabilizer block (see Figure S1). 

 Upon polymerization, the quaternary amine phenyl 

norbornene dicarboximide and cisplatin analogue norbornene 

dicarboximide are insoluble in water, regardless of core 

monomer composition, forming a hydrophobic block.25 TEM 

and DLS were used to interrogate the formation of the resulting 

amphiphile self-assemblies. The targeted block lengths of the 

polymer systems were hypothesized to give spherical micelles 

in all cases, given the large OEG block which creates a high 

surface curvature favoring spherical nanostructures. DLS and 

TEM analysis conclude the formation of spherical micelles in situ 

(Figure 1, see Figure S2). Although the morphology of the 

particles does not change with block length, what can be 

observed is that the size of the particles increase as the block 

length increases.  

 In addition to the P(OEG)-b-P(cisplatin analogue norbornene 

dicarboximide-co-quaternary amine phenyl norbornene  

 

 

Figure 1. a) Distribution of hydrodynamic radius from DLS for the particles formed 
by the cisplatin functionalized block copolymers. TEM micrographs for the 
particles formed by b) 20-20. c) 20-20Pt d) 20-20pH e) 20-20pH at pH 6 f) 20-25g) 20-
50. Scale bar 200 nm. 

dicarboximide) diblock copolymers, a second pH-responsive 

block copolymer was synthesized via ROMPISA, 20-20pH. Here a 

2-(diisopropylamino)ethyl norbornene dicarboximide 

monomer is used to form the copolymer block with the cisplatin 

analogue norbornene dicarboximide (Scheme 1). Where at 

basic and neutral conditions the amine is deprotonated and is 

hydrophobic while in acidic conditions the amine is hydrophilic.7  

From a combination of both SEC and NMR it could be observed 

that this responsive monomer did not influence the ROMPISA 

methodology and polymerization yielded low dispersity 

dispersity material (Table 1). The resulting ROMPISA 

nanoparticles were analyzed via DLS and TEM and, in addition, 

the pH-responsive behavior was investigated. Both DLS and 

TEM confirmed the presence of spherical nanoparticles in 

solution at neutral pH yet when the pH of the solution is 

lowered to pH 6 the particles disassemble as expected.  

Table 1. Molecular characterization of the cisplatin functionalized block copolymers.  

 a The block length of the blocks for P(OEG)-b-P(cisplatin analogue norbornene dicarboximide-co-quaternary amine phenyl norbornene dicarboximide) and P(OEG)-b-

P(cisplatin analogue norbornene dicarboximide-co-2-(diisopropylamino)ethyl  norbornene dicarboximide).  bDetermined by monomer conversion from 1H NMR 

spectroscopy. cCalculated from SEC-MALS in DMF. dMol % of cisplatin analogue norbornene dicarboximide in the second block 2-(diisopropylamino)ethyl  norbornene 

dicarboximide). e Determined by DLS. f Denotes the comonomer is 2-(diisopropylamino)ethyl  norbornene dicarboximide). 

Polymera Mn Theo
b 

(kDa) 

Mn SEC
c 

(kDa) 
Ɖc NOEG 

(m)c 

N core 

(n)c 

Xd Wt%  Pt Dh (nm)e Zeta Potential 

(mV) 

20-20 15.5 17.7 1.10 20 20 0.33 17 13 5.9 

20-20Pt 16.3 18.1 1.18 20 20 1 54 86 1.2 

20-20pH
f 14.0 15.4 1.11 20 20 0.33 20 46 -5.2 

20-25 17.2 19.5 1.21 20 25 0.33 20 21 3.9 

20-50 28.4 31.5 1.20 20 50 0.33 27 81 2.0 
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(Figure 1). Interestingly, zeta potential measurements showed 

that the incorporation of the 2-(diisopropylamino)ethyl  

norbornene dicarboximide) monomer in the core influenced 

the charge in the nanoparticle surface from an overall positive 

to negative charge. A similar effect on surface charge is 

observed for 20-20, 20-25 and 20-50, where an increase of 

dicarboximide-co-quaternary amine phenyl norbornene 

monomer in the core, decreased the overall charge (Table 1). 

 Additionally, scanning transmission electron microscopy 

Energy-dispersive X-ray spectroscopy (STEM-EDX) was used to 

analyze the platinum loading in the spherical micelles (Figure 2, 

example is 20-50). Initially, from brightfield STEM a large 

contrast signal is observed for the ROMPISA particles which 

indicates high-Z atoms are present. STEM-EDX analysis shows 

the presence of platinum in the ROMPISA particles. Therefore, 

STEM-EDX results deduce the incorporation of cisplatin into the 

micelles. 

 Next, in vitro cytotoxicity to human cervical cancer (HeLa) 

and ovarian cancer (CAOV3) cell lines was examined. The set of 

nanoparticles (Table 1) together with cisplatin alone, were 

tested for 96 h against both cells lines at a concentration of 80, 

40 and 20 M with respect to platinum. It is important to 

highlight, that all nanoparticle suspensions were formulated 

keeping vehicle concentrations (in our case water) below 1%, 

even for the 80 M ones. This is highly desirable when designing 

cytotoxicity studies to avoid vehicle interference with cellular 

function and it was enabled by our ROMPISA strategy which 

yielded stock nanoparticle suspension at high solids 

concentrations (Pt concentration > 100 mM) in water in one 

step.  All the nanoparticles showed concentration dependent 

cytotoxic effects against both cell lines (Figure 3).  

Figure 2. STEM-EDX characterization for 20-50. a) Brightfield STEM and b) HAADF 
STEM micrographs of unstained particles. c) EDX Spectrum taken from the area 
boxed in 2a. Insert scale bar 50 nm. 

 

 

Figure 3. Cytotoxic activity of nanoparticles 20-20, 20-20Pt, 20-20pH, 20-25 and 20-
50 against HeLa (left) and CAOV3 (right) cells determined by the CellTiter-Blue 
assay after 96 h of incubation and expressed % cell viability compared to cells 
treated with the nanoparticle’s vehicle (water). A nanoparticle suspension 
containing either 20, 40 or 80 M (left to right columns for each formulation) with 
respect to platinum was used for the assay and it is shown as increasing 
concentrations from left to right for each nanoparticle set. HeLa and CAOV3 cell 
lines were sourced from American Type Culture Collection (ATCC). 

 Cellular associated platinum was analyzed via Inductively 

Coupled Plasma Mass Spectrometry (ICP-MS) as an indirect 

measurement of nanoparticle uptake (Figure 4). As expected, 

the largest amount of platinum was obtained from HeLa cells 

exposed to 20-20 and 20-25, which at the same time show the 

highest cytotoxic activity and smaller diameter (13 nm and 21 

nm respectively). In general, lower uptake was observed in 

CAOV3 cells, and this agrees with the lower cytotoxicity 

observed. 20-20pH showed the lowest uptake on both cells lines, 

as well as the least cytotoxicity. Moreover, at 80 M, all 

nanoparticles showed at least 50% inhibition of cellular growth 

except 20-20pH and 20-50 against CAOV3 cells. Interestingly, the 

most active micelles were 20-25 (against HeLa cells) and 20-20 

(against CAOV3 cells), unexpectedly even more active than 20-

20pt, which has the highest drug loading per particle.  

 It is well known that nanoparticle size and surface charge or 

zeta potential, among other factors, have a strong influence on 

their cellular uptake and ability to deliver different amounts of 

drug intracellularly.34-36 For this set of nanoparticles, smaller 

sizes were observed to have enhanced uptake and increased 

cytotoxicity. Additionally, nanoparticle surface charge appears 

to have a crucial influence on uptake and as a consequence 

cytotoxicity. It is well described that nonphagocytic cells uptake 

positively charged nanoparticles better than their uncharged or 

negatively charged counterparts.37 In our studies, this was also 

observed for uptake of the nanoparticles by HeLa cells, where 

positively charged nanoparticles where taken up to higher 

degrees than the negatively charged 20-20pH and among the 

positively charged ones, the uptake increased with the increase 

in surface charge (20-20>20-25>20-50>20-20Pt). This  is likely 

because of the stronger affinity of positively charged 

nanoparticles for the negatively charged cell membrane.34  
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Figure 4. Platinum associated to HeLa (left) and CAOV3 (right) cells preincubated 
with 20-20, 20-20Pt, 20-20pH, 20-25 and 20-50 at a 5 M platinum concentration 
for 6 h and analyzed by ICP-MS.   

Conclusions 

In conclusion, the ROMPISA protocol has been extended for a 

range of platinum loaded particles for potential application as 

antitumor agents. We could demonstrate NP activity is related 

to nanoparticle uptake which is influenced by nanoparticle size 

and zeta potential. Together, these data lead us to strive for a 

more complete understanding of drug release and how it 

correlates with in vitro cytotoxicity in time. Polymer 

architecture and surface charge of the particle create a complex 

interplay of factors that are not easily replicated in cell free 

assays. Indeed, in related studies, we have shown that no 

platinum drug release is observed in cell free assays, and yet 

cytotoxicity and in vivo activity can be observed, including drug 

release in cells and tissues, as evidenced by multimodal 

imaging.38 Ongoing efforts in our laboratory focus on these 

questions of polymer architecture and particle surface charge 

optimization with respect to release kinetics in terms of tuning 

for sustained versus burst release in a more predictable fashion. 

Finally, PISA provides a route to high weight percent particle in 

solution in a single pot,15 a fact exploited in a range of 

applications including viscosity modifiers, cell encapsulation.15 

We exploit the PISA methodology here, demonstrating an initial 

example of the direct incorporation of a drug into a particle 

core. With PISA capable of achieving high concentrations of 

drug-loaded nanoparticles we envision rapidly formulating 

materials for low volume injections at high dose in small animal 

models of human disease. 
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